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with different chemical structures, modes of action and biological targets. The most abundant and 48 studied are Cry δ-endotoxins encoded by genes located on large plasmids and produced as 49 parasporal crystalline inclusions during the stationary growth phase (Crickmore 2017, Adang et al. 50 2014) . Bt produces other insecticidal toxins, the Cyt (cytolytic δ-endotoxins) and Vip (secreted 51
Vegetative Insecticidal Proteins) that synergize their effects with Cry toxins, virulence factors such 52 as β-exotoxins (or thuringiensin), a secreted nucleotide toxic for almost all tested life forms thus 53 prohibited in commercial formulations (WHO Report, 1999) , and anti-fungal factors (Bravo et al. 54 numerous compounds to protect spores and crystals and aggregate them into a wettable form, 84 surfactants to facilitate spraying and dispersion on plants, and phagostimulants (Couch, 2000; Brar 85 et al. 2006 ). Nevertheless, spores and toxins are somewhat sensitive to biotic and abiotic conditions 86 (e.g. UV, pH, rainfall), which requires frequent applications to achieve the required pest control 87 level (Brar et al. 2006) . All this can lead to Bt accumulation in the environment, thus raising the 88 rarely addressed issue of potential side-effects of chronic exposure (i.e. continuous and increasing 89 exposure for an extended period) of non-target species to doses unexpectedly above the 90 recommended application rates. 91
Diptera are worldwide distributed insects, most of which are not targets for Bt and its toxins. 92 This is the case of the genus Drosophila, represented by ~ 1500 described species (Bächli, 1999 (Bächli, -93 2008 ), including the model organism D. melanogaster. In the field, most of these flies feed and 94 reproduce mainly on ripening or rotting fruits and are therefore present in areas treated with Bt such 95 as orchards, vineyards and gardening areas. Unable to disperse between food patches, early stages 96 of Drosophila larvae eat intensively and grow exponentially (Tennessen and Thumel, 2011) , and 97 may thus ingest high doses of Bt bioinsecticides. Surprisingly, few studies have focused on 98 of them showed susceptibility of these species to Btk. However, definitive conclusions were 101 difficult to draw since most of these studies used mainly late 3 rd instar larvae preparing for pupation, 102
i.e. when they feed much less than younger larvae, and the tested Bt preparations possibly contain 103 highly toxic β-exotoxins, especially in the case of field isolates. 104
Here, we have tested the dose-dependent chronic side-effects of different commercial 105 formulations of Btk (devoid of β-exotoxins) and, to a lesser extent of Bti, on the wild-type D. 106 melanogaster Canton S, with a focus on developmental traits (developmental time, emergence rate). 107
The spore-forming Gram-positive Bacillus subtilis and the Btk strain (4D22), devoid of Cry toxin 108 genes and thus of crystals, were used as non-pathogenic controls. We also analysed two fitness-7 increased of about 0.5 day at 5×10 7 CFU/g (+4% compared to controls), up to 1.5 days (+14%) at 136 10 8 CFU/g ( Fig. 1b ; Table 1 ). The sex-ratio at emergence (SR, proportion of males) was strongly 137 biased towards males at the highest dose at which complete development occurred (10 8 CFU/g), 138
with 58% more males compared to controls (Supplementary information S2). Because addition of 139
Btk formulation could modify parameters of the fly medium and thus contribute to these effects, we 140 checked the pH of the dose-responses medium. The presence or dose of the formulation had no 141 effect (Supplementary information S4). 142
We observed no change in ER using the same dose range of the Btk Cry-free strain 4D22 ( Fig.  143 1a, 1e; Table 1 ) and the non-pathogenic Bacillus subtilis (Fig. 1a , Table 1 ). Addition of Bti 144 Vectobac ® did not affect ER up to 10 8 CFU/g but reduced it by 89% at 10 9 CFU/g (~2,000 times the 145 highest recommended dose for field application; Fig. 1a ; Table 1 ; Supplementary information S1). 146
DT varied with the dose of Btk 4D22, mainly due to differences between doses other than the 147 control. DT increased by ~1.5 days at the highest dose of Vectobac ® (Fig. 1b ; Table 1 ) and showed 148 a similar trend with B. subtilis (p = 0.06; Fig. 1b ; Table 1 ). None of these three treatments 149 influenced dramatically the SR, the slight decrease in male proportion for most of the Vectobac ® 150 doses being due to the higher average sex-ratio for the control dose compared to those for the two 151 other treatments (Supplementary information S2). 152
To test whether these effects are generic to Btk formulations, the fly development was 153 evaluated on two other formulations, Delfin ® B (same brand) and Scutello DF (brand Dipel ® ), at the 154 critical doses 10 8 and 10 9 CFU/g. As Delfin ® A, these formulations contain spores and Cry toxins 155 such as Cry-1A as pro-toxins of ~130 kDa, activated toxins of ~60-70 kDa, but also as smaller 156 fragments (Wei et al. 2016; Fig. 1e , red asterisks). ER remained unchanged at 10 8 CFU/g whereas 157 no individual reached pupation at 10 9 CFU/g on Delfin ® B and very few individuals reached the 158 adult stage on Scutello DF ® , DT being increased by more than 2 days ( Fig. 1c-d ; Table 1 ). No 159 significant bias in SR was observed for either formulation (Supplementary information S2). 160
Larval stages were tested for their susceptibility to Btk formulation in two independent and 163 complementary dose-response tests of survival on Delfin ® A, at doses ranging from 10 5 to 10 9 164 CFU/g of high protein/sugar free medium (this medium is used to rear fly species which are 165 difficult to rear in the lab (see below) and is less limiting for the development of early larval stages). 166
We focused on the 1 st and 2 nd larval instars, during which growth is exponential (Tennessen and 167 Thummel 2011), so that larvae are most heavily exposed to the bioinsecticide. In the first test, the 168 cumulative survival was measured by counting late 1st and 2nd instar larvae alive which have been 169 exposed to Delfin ® A from the egg stage. Larval survival was not influenced at 10 7 CFU/g, whereas 170
it decreased for both larval instars above that dose to reach up to 37% mortality at 10 9 CFU/g ( Fig.  171 2a). Reduced survival tended to occur at a lower dose when cumulative survival was measured later 172 in the development, i.e. 10 9 for late 1 st instar larvae and 10 8 CFU/g for 2 nd instar larvae ( Fig. 2a ; 173 Table 1 ). For both instars, larvae surviving 10 9 CFU/g were noticeably smaller and less active than 174 those surviving lower doses. In emergence assays with planned exposure from the egg to the adult 175 stage, none of these individuals reached the pupal stage (see results above). In the second test, larval 176 survival was measured after early 1 st and 2 nd instar larvae had been exposed for 24 hours to Delfin ® 177 A. Survival of 1 st instar larvae decreased by 36% on 10 9 CFU/g whereas that of 2 nd instar larvae did 178 not change ( Fig. 2b , Table 1) . 179
180
Developmental exposure to Btk formulation does not strongly influence fitness-related traits 181 in adults. 182
Long-term consequences on flies of exposure to Btk formulation throughout the development were 183 evaluated on two fitness-related traits, longevity and total offspring number. Traits were measured 184 on a Btk-free low-protein/high-sugar medium after individuals had completed their development on 185 the same fly medium but in presence of selected doses of Delfin ® A: 5×10 6 CFU/g, which had no 186 impact on development, and 5×10 7 and 10 8 CFU/g, which caused moderate and strong developmental alterations, respectively (see Fig. 1a ). 188
Adult longevity was analysed in two independent experiments on groups of 15 females and 15 189 males held together. Despite large variation between experiments (Table 1) , the longevity of adults 190 reared on 5×10 6 CFU/g of Delfin ® A was similar to that of non-exposed controls (Fig. 3) . Males 191 and females which developed on the two higher doses showed a moderate longevity benefit, higher 192 in females for 10 8 CFU/g ( Fig. 3a -b, d-e; Table 1 ). Males generally survived better than females 193 (Table 1) but their longevity benefit of developing on 10 8 CFU/g was only observed in the second 194 experiment ( Fig. 3b, e ). 195
The female offspring number -the sum of offspring produced by the 15 females of each fly 196 group during the longevity experiment -varied depending on both the experiment and the Delfin ® A 197 dose (Table 1 ). In the 1 st experiment, adults from larvae reared on 10 8 CFU/g had fewer offspring 198 compared to control adults and to adults developed on the other doses whereas the total offspring 199 number varied regardless of the Btk dose in the 2 nd experiment ( Fig. 3c , f, Table 1) . Dose-dependent effects of Btk formulation on the development were tested on three additional D. 204 melanogaster strains: the wild-type Nasrallah (strain 1333), the wild-type Sefra population reared in 205 the laboratory for 4 years, and the double mutant YW1118. The emergence rates (ER) and 206 developmental times (DT) were measured on a high-protein/sugar-free medium (rearing medium of 207 these strains) mixed with Delfin ® A doses ranging from 10 5 to 10 9 CFU/g. To allow the comparison 208 with previous results with Canton S flies on low-protein/high sugar fly medium, Canton S was also 209 reared and tested on the high-protein/sugar-free medium along with the other strains. 210
None of the fly strains was impacted at doses up to 10 7 CFU/g, whereas ER was strongly reduced 211 and DT was increased at higher doses for all the strains ( Fig. 4a-b , Table 1) , with no individual 212 reaching the pupal stage at 10 9 CFU/g (LD50 between 10 8 and 10 9 CFU/g). At 10 8 CFU/g, the magnitude of effects on Canton S flies was lower than that observed on the low-protein/high-sugar 214 medium. At this dose, ER varied between strains, the largest reduction being observed for Sefra 215 (Table 1) . We observed no dose-dependent bias in SR (Supplementary information S3). 216
217
Btk formulation also affects other Drosophila species. 218
The ER and DT were analysed for seven other Drosophila species from different phylogenetic 219 clades at doses of Delfin ® A from 10 5 to 10 9 CFU/g of high-protein/sugar-free medium (rearing 220 medium of all the species). Tested species were D. simulans (D. melanogaster sister species), the 221 Table 1 ). All 226 species were affected at 10 8 CFU/g as was D. melanogaster (see Fig. 4a for comparison). D. 227 simulans and D. busckii had unchanged ER, but DT was slightly increased for D. simulans 228 (although slightly reduced at 10 7 CFU/g; similar results with a Japanese strain, data not shown) and 229 strongly increased for D. busckii (by 20%, i.e. ~ 4 days) ( Fig Table 1 ; similar results with a strain from Sweden, data not shown). 232
The ER of D. hydei and D. subobscura were very low at 10 8 CFU/g (LD50 below this dose), with a 233 high DT ( Fig Delfin ® A at 10 7 , 10 8 , and 10 9 CFU/g with low-protein/high-sugar medium. ER and DT were 247 unaffected by the presence of the dialyzed suspension from the 10 7 CFU/g dose, whereas no 248 individual reached the adult stage (no pupation) with the suspension from the 10 9 CFU/g dose ( Fig.  249 7a; Table 1 ). At 10 8 CFU/g, ER was not modified but DT increased by ~ 1 day, only in one of the 250 two experiments, partially reproducing the changes observed without dialysis ( Fig. 7a-b ; see also 251 Table 1 ; 3 independent experiments for ER, 2 independent experiments for DT). 252
Cry1A profiles of dialyzed Delfin ® A suspensions, like those of the non-dialyzed ones, 253 comprised 130-kDa pro-toxins and 60-70 kDa activated toxins, but also showed toxin degradation 254 as evidenced by additional smaller fragments of activated toxins (Fig. 7c ). The respective roles of 255
Btk toxin fragments and spores in the alterations of D. melanogaster development were further 256 explored through experiments of dialysis such as those previously described followed by successive 257 centrifugations to eliminate most of the spores and toxin crystals. Despite variation between 258 experiments, ER was strongly affected only in one of the three experiments while DT was always 259 significantly increased when flies were reared in presence of centrifuged supernatants that 260 contained a limited range of Cry 1A toxin fragments (Supplementary information S6). 261
Discussion 263
The increasing use of bioinsecticides based on Bacillus thuringiensis (Bt) raised concern about 264 potential side-effects on non-target biodiversity because of their partial specific targeting (de Souza for field sprayings (≤ 10 6 CFU/g of medium) had no effect on Drosophila development, mortality 273 and/or developmental delay occurred from doses only 10 times and 50 times higher than the 274 maximum recommended dose of the main tested Btk formulation for D. suzukii (10 7 CFU/g) and the 275 D. melanogaster strains (5×10 7 CFU/g), respectively. Besides, all the tested species except D. 276 simulans were strongly affected at 10 8 CFU/g, and no (or extremely limited) fly development 277 occurred at the highest tested dose (10 9 CFU/g), equivalent to 1000 times the maximum 278 recommended dose but below common acute intoxication doses (WHO Report, 2007) . 279
Recommended doses are those for each spraying on a homogeneous and dry zone without covering 280 areas. In the field, both repeated spraying of stabilized formulation and rainfall washouts can 281 increase Bt spores and toxins presence in both space and time. While the highest dose tested here 282 would hardly be reached in the field, the minimal doses at which flies development was impacted 283 may be readily obtained. Furthermore, the minimal quantity of Bt formulation inducing 284 developmental alterations may be even lower since a single Drosophila larva is unlikely to process 285 1g of medium given its size and feeding rate. Our data also evidence a window of susceptibility to 286
Btk during the larval development, ingestion during the 1 st larval instar being responsible for a large 287 part of the observed detrimental effects on the development. 288
When testing for generic effects of Bt formulations, slightly different results were observed 289 with two other Btk formulations and a formulation of Bti: there was no effect on D. melanogaster 290 development at the doses up to 10 8 CFU/g but a strong detrimental effect at the highest dose tested, similar profiles of Cry1A protoxins and activated toxins, but they differed in their efficient spore 293 contents, formulation type, and likely additives, which may account for the observed variation in 294 the half-lethal dose. The Bti formulation, widely used against Dipteran Nematoceran insects (e.g. weight compounds in Btk formulations (e.g., culture media residues, salts, additives) may contribute 323 to these developmental alterations. This is supported by the lack of impact on D. melanogaster 324 development of the ingestion of laboratory-produced spores and Cry toxins of a Btk 4D1 strain (or 325 HD1, a reference strain used as a control strain, not used in the commercial formulations) used 326 without additives, even at the highest dose 10 9 CFU/g (additional information S7; Fig. S7a, b ). The 327
Btk 4D1 culture contained few active Cry toxins and smaller toxin fragments, in contrast to 328 commercial Btk formulations ( Fig. S7c ), supporting the possible contribution of these toxin 329 fragments to the cross-order activity of Btk formulations on Drosophila. 330
As observed for D. suzukii exposed to laboratory-produced Btk cultures (Cossentine et al. recommended doses of 7.5×10 4 to 7.5×10 5 CFU/cm 2 of Delfin ® A, and 3.75×10 4 to 3.75×10 5 419 CFU/cm 2 of Delfin ® B for each spraying in the field. For Scutello DF, recommended doses range 420 from 0.1 to 1 kg/ha, equivalent to 2.2×10 4 to 2.2×10 5 CFU/cm 2 . Vectobac ® WG is used at 0.125 to 1 kg/ha, equivalent to 7.5×10 4 to 6×10 5 CFU/cm 2 . 422
The acrystillipherous (Cry toxin-free) Btk 4D22 strain (depleted for the toxin-encoding 4D22, N = 9-12 for the control, N = 3 for 5.10 5 and 10 9 , N = 4-9 for 10 6 , N = 7-14 from 5.10 6 to 10 8 . 772 
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